Li B, Freeman RD. Neurometabolic coupling in the lateral geniculate nucleus changes with extended age.
I N T R O D U C T I O N
Different techniques have been used in attempts to identify the nature and causes of deterioration of visual function with advanced age. These include behavioral (Mata et al. 2009; Solbakk et al. 2008; Verhaeghen et al. 2003) and single cell studies in the thalamus (Spear et al. 1994 ) and visual cortex (Schmolesky et al. 2000) . There have also been anatomical studies of changes in microvascular density, ultrastructure, and shapes of arterioles and capillaries (Farkas and Luiten 2001; Riddle et al. 2003) . In recent work, humans of advanced ages have been examined with application of noninvasive imaging techniques, mainly functional magnetic resonance imaging (fMRI) (Ances et al. 2009; Buckner et al. 2000; D'Esposito et al. 1999; Handwerker et al. 2007; Hesselmann et al. 2001; Riecker et al. 2003; Ross et al. 1997; Tekes et al. 2005) . Although fMRI offers the clear advantage of examination of different parts of the brain of behaving human subjects, interpretation of the blood oxygen level dependent (BOLD) signal used in fMRI does not enable direct assessment of neural activity. When changes in the BOLD signal are observed, it is important to know whether the underlying basis is primarily neural or metabolic. A fundamental question then is whether age-related changes in visual function have a vascular or metabolic basis or are a consequence of neural changes or a combination of all these factors.
It has been shown in previous work that vasculature and metabolic processes are altered in the aged brain. Specifically, cerebral metabolic rate of oxygen (CMRO 2 ) has been reported to decrease significantly with age in cortical and subcortical regions (Leenders et al. 1990; Takada et al. 1992; Yamaguchi et al. 1986 ). Age-related changes in microvasculature include reduced microvascular density, irregular ultrastructure, and altered arterial and capillary morphology (for a review, see Farkas and Luiten 2001) . These changes could cause substantial hemodynamic and rheological alterations by inadequate movement of critical components between blood and parenchymal cells of the brain. A tentative conclusion from these studies is that age-related changes in cerebral blood flow (CBF), CMRO 2 , and microvascular density and morphology may underlie functional decreases in the aging brain.
What is missing in the work described earlier is combined measurements in a given preparation of both metabolic and neural activity in the aged brain. In recent work, we have employed a dual microelectrode device which enables simultaneous colocalized measurement of oxygen tension in brain tissue and extracellular neural activity (Li and Freeman 2007; Thompson et al. 2003 Thompson et al. , 2004 Thompson et al. , 2005 . Oxygen tension, which is linearly related to tissue oxygen concentration (Shaw et al. 2002) , is measured by one of the two microelectrodes. The other electrode measures extracellular activity simultaneously in a colocalized area of the brain, in this case the visual pathway. Brain tissue oxygen is related to the BOLD signal in fMRI as follows. Sensory stimulation, in this case through visual activation, causes an increase in oxygen metabolism because active neurons use oxygen for energy. Increased CBF is required to replenish the oxygen to support the activated neurons. This increases the concentration of tissue oxygen. The BOLD signal measures deoxyhemoglobin changes that occur in response to elevated neuronal activity as tissue oxygen is increased. Note, however, that an increase of tissue oxygen is directly related to a positive BOLD response, although a decrease in tissue oxygen is not necessarily associated with a negative BOLD response.
In previous work, we have determined that tissue oxygen responses in the visual cortex generally exhibit biphasic responses. Initially, there is a small negative component that is followed by a secondary large amplitude peak (Thompson et al. 2003) . We assume that the initial dip reflects the first change in metabolic demand, which is an increase in oxygen metabolism. The secondary positive peak would then reflect the increase in blood flow required along with oxygen demand. Because the two phases of the biphasic response overlap in time, the amplitude and time course of each component are influenced by those of the other. By use of the precise retinotopic organization and small receptive field structure of lateral geniculate nucleus (LGN) neurons, we have been able to conduct separate studies of the negative and positive components of the oxygen response (Li and Freeman 2007; Thompson et al. 2004 ). This provides estimates of amplitudes and temporal properties for each component of the tissue oxygen response. In the current study, we have used these approaches to obtain simultaneous measurements of oxygen concentration and neural activity in the LGN of young and old cats. This provides a direct comparison of each related change in neuralmetabolic coupling. We have used LGN instead of visual cortex because responses there are more robust and suitable for extended physiological study in aged subjects.
M E T H O D S
We studied 32 young cats (6.2 Ϯ 1.4 SD months of age; range, 4 -10 mo) and 11 old animals (117 Ϯ 16 SD months of age; range, 100 -154 mo). From extensive previous tests, we have observed that cats of Ն3 mo postnatal exhibit neural responses in visual pathways that are mature and close to those of adults (DeAngelis et al. 1993 ). Cats Ͼ9 yr of age are considered senescent (Griffiths 1968) . A cat aged 9 yr is roughly equal to a human of 60 yr of age.
Physiological preparation
Procedures were carried out in compliance with guidelines of the National Institutes of Health for the care and use of laboratory animals. All studies and examinations were conducted in accordance with a protocol for the Use of Animals in Research, approved by the Animal Care and Use Committee at University of California, Berkeley. Prior to each experiment cats were examined ophthalmoscopically to rule out obvious pathology or optical problems.
Anesthesia was induced with isoflurane (2-2.5%) and femoral veins were cannulated. Isoflurane was discontinued and anesthesia was continued with thiopental sodium delivered intravenously, combined with fentanyl (10 g·kg Ϫ1 ·h Ϫ1 ). A tracheostomy was performed and a tracheal cannula was positioned. The animal was then artificially ventilated (25% O 2 -75% N 2 O) at a rate adjusted to maintain expired CO 2 at 4 -5%. Anesthesia was sufficient to allow the ventilator to control the breathing apparatus. A craniotomy was then performed at 6 mm anterior and 9 mm lateral to Horsley-Clarke zero. The dura was resected and the cortical surface was covered with agar and wax to reduce pulsation and create a closed chamber. During surgical procedures, a bolus of thiopental sodium (10 mg/ml) was administered as required. At the completion of surgery, fentanyl was discontinued and thiopental was set for continuous infusion as determined individually for each animal (generally 1-2 mg · kg Ϫ1 ·h Ϫ1 ). Eye movements were blocked with a continuous intravenous infusion of pancuronium bromide (0.2 mg · kg Ϫ1 ·h Ϫ1 ). Throughout each experiment, electroencephalogram (EEG), electrocardiogram (ECG), heart rate, temperature, intratracheal pressure, and end-tidal CO 2 were monitored.
Tissue oxygen measurement
Oxygen responses were recorded by a Clark style polarographic oxygen sensor. The outer tip diameter of the sensor was about 30 m. The spherical sensing region was about 60 m in diameter (Unisense, Aarhus, Denmark). Before each use, the sensor was calibrated in a bath of 0.9% saline at 38°C and responses were observed for progressive changes in oxygen concentration for which there is a linear relationship. During each experiment, a micromanipulator was used to advance the sensor vertically from the cortical surface into the LGN via Horsley-Clarke coordinates A6L9. The oxygen sensor was connected to a high-impedance picoammeter that was polarized at Ϫ0.8 V. The currents generated by the sensor were amplified and sampled at 10 Hz. Recording sites were separated by Ն200 m and data were collected when response oscillations in oxygen signals were minimal. Around 30% of potential recording sites were excluded because of large oscillations.
Neural activity
Neural activity was recorded by a platinum microelectrode housed adjacent to the oxygen sensor within one of the two barrels of the micropipette. Impedance of the neural microelectrode was generally 0.2-1 M⍀ at 1 kHz in 0.9% NaCl solution. Neural signals were processed via an amplifier through a high impedence headstage. Neural activity was then filtered to isolate extracellular action potentials (0.25 to 8 kHz) and local field potentials (LFPs, 0.7-170 Hz). Action potentials were isolated by setting a threshold above background noise and collecting the resulting multiple-unit activity (MUA). The sampling rates for LFPs and MUA data were 500 Hz and 25 kHz, respectively. Time-dependent frequency analysis was applied to the LFP signal. The 60 Hz line noise and 85 Hz monitor refresh rate were removed by applying a Matlab function of noise removal (rmlinesc.m, Chronux toolbox). LFP spectrograms were then calculated on a 500-ms window and a 50-ms step size with a multitaper spectral estimation (Thomson 1982) . The power of baseline activity in the prestimulus period (2 s) was subtracted from the LFP spectrograms. The power at each frequency and time bin was then normalized by the average power for that frequency in the baseline. For each recording site, modulation of LFP power was averaged over trials.
Visual stimuli
Drifting sinusoidal gratings were used as visual stimuli. After preliminary estimates of optimal stimulus parameters, tuning functions were obtained quantitatively by use of drifting sinusoidal gratings (mean luminance ϭ 45 cd/m 2 ). Contrast was kept at 100% and spatial and temporal frequencies were optimized. Stimuli were presented via optical control to the dominant eye. Each stimulus was presented for 4 s. During each test the unstimulated eye viewed a blank screen with the same mean luminance as that for the dominant eye. Receptive field positions were checked periodically and remapped around every hour. If a receptive field position changed, stimuli were adjusted and new data were collected.
Capillary morphometry
At the end of each experiment, an overdose of pentobarbital sodium was delivered and the animal was perfused with saline to remove circulatory fluids. Next, perfusions were made first with 1.5% formaldehyde, and then with saline, each for 10 min, to displace any excess in fixative. After overnight storage in formaldehyde, LGN was extracted with an adjustable angle blade mounted to a stereotaxic device. Tissue was stored overnight in gum-sucrose at 20°C. Sections (60 m) were made of the tissue on a freezing microtome. Tissue was then stained using alkaline-phosphatase according to the following protocol adapted from procedures described previously (Kiernan 1999) . Sections were exposed to a wash of distilled water and then incubated for 20 min at room temperature in a solution of 0.05 M Tris, ␣-naphthyl acid phosphate, MgCl 2 , and Fast Blue RR Salt. The sections were neutralized in 1% acetic acid and rinsed in water. Sections were then mounted onto slides and coverslips were positioned. Sections with poor stain quality (no clear capillary networks) were excluded from this analysis. For each section showing the track of the microsensor, a sampling region roughly 1,050 ϫ 790 m, close to the track, was selected for analysis. Digital images were collected with a camera mounted on a microscope system. An objective lens was used for analysis of all sections to maintain constant depth of field. Digital images were processed by use of Photoshop and each image was converted into a grayscale format. A threshold function was used to generate binary data and dust and scratch filters in Photoshop were used to remove impurities in the image. Capillary density was determined as the ratio of the number of black pixels, which represent alkaline phosphatase active capillaries, to the total number of pixels in the area of the image (Moody et al. 2004) . All data were processed in a similar manner. The technician who did the analysis did not know the origin of the tissue, i.e., whether the data came from young or old animals.
Data analysis
For a given stimulus condition, multiple trials (16 -64) were averaged to obtain oxygen responses at each recording site. Averaged responses were obtained for different interstimulus intervals, varied randomly between 30 and 44 s to obviate synchronization with oscillations in the oxygen signal. Main oxygen signals, prior to stimulus onset (10 s), were taken as the baseline. These values were subtracted from individual oxygen responses. Oxygen responses were averaged across all trials and normalized by use of mean oxygen levels. This process yields percentages of oxygen change (Thompson et al. 2003 ). An oxygen response is considered significant (P Ͻ 0.05, t-test) if there is a statistically significant change in peak or dip compared with the baseline signal. Similarly, an MUA or LFP response is considered significant if it is statistically different from spontaneous neural activity (P Ͻ 0.05, t-test). The response time of the oxygen sensor causes a delay of 0.2-0.5 s, which was individually subtracted in our data analysis. The time course of oxygen responses is considered monophasic if there is a significant change in one polarity without one in the opposite direction during the first 10 s after stimulus onset.
We used a permutation statistical test (9,999 resamples; Hesterberg et al. 2005) to estimate significance of differences between young and old groups in this study. The permutation test has a significant advantage because it does not rely on any theoretical probability models that may or may not be appropriate for the oxygen data. Error estimates in this report are in the form of SEs unless otherwise noted.
R E S U L T S

Oxygen responses
We studied 137 and 61 recording sites, respectively, in young and old cats. Out of all our samples, 14 and 8 recording sites, respectively, in young and old cats did not exhibit significant changes in oxygen responses to our visual stimuli patterns. Responses from these recording sites are therefore excluded from further analysis. In total, 123 and 53 recording sites respectively in young and old cats are included in the current study. About 50% of the recording sites in young cats are from our database. Two visual stimulus patterns were used to induce oxygen responses from the cat's LGN, as depicted in with a mask centered on the receptive field of the recording site. Because of precise retinotopic organization of the LGN, the stimulus activates responses in a large region except for a small population of cells proximal to the tip of the sensor. We have found in previous work that oxygen responses to a large stimulus are typically biphasic, with an initial negative dip component followed by a positive peak (Thompson et al. 2003) . However, the stimulus with a small central mask, depicted in Fig. 1A , generally elicits a monophasic positive oxygen response (Li and Freeman 2007; Thompson et al. 2004 Thompson et al. , 2005 . Examples of response patterns found for this visual target are shown in the remainder of Fig. 1A for young and old cats. Figures in the top panels depict representative oxygen responses for three recording sites in young cats. Compared with the baseline oxygen signal, all three examples show significant positive responses to the large stimulus (t-test, P ϭ 0, 0.02, 0, respectively). The peak amplitudes and latencies in oxygen responses for the three examples are 6.3, 4.9, and 8.8% and 7.2, 7.8, and 8.1 s, respectively. Two (top left and top middle) of the three examples show a pattern of monophasic positive oxygen response, in which no initial dip is observed. The third example (top right) exhibits a biphasic oxygen response that consists of a small but significant initial dip (P ϭ 0.03) followed by a large positive peak. This is a typical response pattern that we have observed previously in the LGN when a large visual stimulus without a central mask was presented (Thompson et al. 2004 . Figures in the bottom panels of Fig. 1A represent oxygen responses for three recording sites in old cats. The peak amplitudes and latencies for the three examples are 11.3, 4.4, and 16.0% and 6.1, 4.5, and 6.3 s, respectively. Two examples (bottom left and bottom middle) exhibit a monophasic positive oxygen response (P ϭ 0.01 and P ϭ 0.047, respectively). For the third example (bottom right), a biphasic oxygen response is shown with a dip and peak, both of which are significant (P Ͻ 0.04 and P ϭ 0, respectively).
The second type of visual stimulus is depicted in Fig. 1B . In this case, the stimulus is a small grating, 1-2°, which is centered on the receptive field of the recording site. This stimulus activates a small population of cells and generally elicits monophasic negative oxygen responses in the LGN (Li and Freeman 2007; Thompson et al. 2004 Thompson et al. , 2005 . Examples of response patterns to this stimulus are shown below the stimulus icon for young (top panels) and old cats (bottom panels) in Fig.  1B . Data shown here are from the same recording sites as those in Fig. 1A . All three examples from young cats demonstrate substantial and significant monophasic negative oxygen responses (P ϭ 0.017, 0.005, and 0, respectively). The dip amplitudes and latencies for the three examples are Ϫ3.0, Ϫ3.8, and Ϫ11.5% and 5.0, 5.3, and 5.8 s, respectively. For old cats, the dip amplitudes and latencies for the three examples are Ϫ4.6, Ϫ1.7, and Ϫ4.7% and 4.2, 2.8, and 4.5 s, respectively. Significant monophasic negative oxygen responses (P Ͻ 0.01 and P ϭ 0.02, respectively) are observed for two example recording sites (Fig. 1B, bottom left and bottom right) . A dip is also observed in the other example (bottom middle) after the presentation of a visual stimulus. However, the response is not statistically significant (P ϭ 0.3) due to large oscillations in the baseline oxygen signal. Note that for this recording site, there is a significant positive oxygen response to the large stimulus (Fig. 1A, bottom middle) .
A summary of oxygen response patterns for young and old groups is shown in Fig. 2 . The baseline oxygen tension for each recording site was subtracted to obtain the population-averaged oxygen responses for each age group. For young and old animals, the average baseline oxygen tensions are (mean Ϯ SD) 40.8 Ϯ 29.5 and 34.1 Ϯ 25.8 mmHg, respectively. These values are not significantly different (P ϭ 0.3). In Fig. 2 , population-averaged oxygen responses to the large stimulus for young and old cats are represented by black and gray curves, respectively. Young and old cats exhibit similar mean amplitudes (9.4 Ϯ 0.9 vs. 9.7 Ϯ 1.5%, P ϭ 0.9). However, for old cats, there is a relatively early latency prior to the peak value compared with that for young animals (7.3 and 6.2 s for young and old cats, respectively). For the second visual stimulus, different amplitudes and time courses are observed in the negative oxygen responses for young and old groups. Amplitudes of average negative oxygen responses are Ϫ4.9 Ϯ 0.4% for young and Ϫ2.7 Ϯ 0.6% for old cats (P Ͻ 0.01). Latency time periods to initial dips of average negative oxygen responses for young and old cats are 4.6 and 4.1 s, respectively.
Oxygen responses vary substantially in amplitude and time course across recording sites for both age groups. In Fig. 3 , A and B, histograms are shown that represent amplitudes of oxygen responses to the two visual stimulus patterns for young and old animals. In each case a normalization process was used for the total number of recording sites to facilitate comparisons for different sample sizes of young and old cats. For a given recording site, amplitude is defined as the maximum change in oxygen signal that occurs after stimulus onset. For both groups of cats, similar amplitudes of oxygen responses to the large stimulus were observed (10.5 Ϯ 0.9% for young and 10.5 Ϯ 1.5% for old cats, P ϭ 0.99, Fig. 3A) . However, the small stimulus elicits significantly different amplitudes in oxygen responses (Ϫ5.7 Ϯ 0.4% for young and Ϫ3.9 Ϯ 0.6% for old cats, P ϭ 0.02, Fig. 3B ). To evaluate time course of different aspects of the oxygen response, we define temporal points for the positive oxygen response at half the peak of increasing phase (t ip ), peak (t peak ), and half the peak of decreasing phase (t dp ). For the negative oxygen response, we define temporal points at half the dip of decreasing phase (t dp ), the dip (t dip ), and half the dip of increasing phase (t ip ). For recording sites that do not exhibit monophasic positive or negative oxygen responses, the positive phase or negative phases are used, respectively, for responses to the large stimulus or small stimulus, to determine time parameters. For young and old animals in our study, four recording sites in each group do not exhibit monophasic positive oxygen responses to the large stimulus. For monophasic negative oxygen responses, 5 and 18 recording sites in young and old animals, respectively, do not show this type of response to the small stimulus. The histograms in Fig. 3 , C and D illustrate time parameters for young and old cats for both stimulus patterns. The histograms associated with the large stimulus, depicted in Fig. 3C , show significant age associated temporal latency decreases in oxygen response patterns. Specifically, old animals exhibit earlier oxygen responses to the large stimulus than young cats. Averaged values for t ip , t peak , and t dp , for young cats, are 5.0 Ϯ 0.1, 7.5 Ϯ 0.1, and 11.1 Ϯ 0.2 s, respectively. These are all significantly longer (P Ͻ 0.0001) than those for old cats (4.1 Ϯ 0.1, 6.2 Ϯ 0.1, and 8.7 Ϯ 0.2 s for t ip , t peak , and t dp , respectively). For the negative oxygen response to the small stimulus, the difference in response times between the two age groups is also significant [Fig. 3D , t dp : 2.6 Ϯ 0.1 s (young) and 2.3 Ϯ 0.2 s (old), P ϭ 0.03; t dip : 4.8 Ϯ 0.1 s (young) and 4.2 Ϯ 0.3 s (old), P ϭ 0.02; t ip : 7.9 Ϯ 0.2 s (young) and 8.1 Ϯ 0.5 s (old), P ϭ 0.05].
Neural activity
The analysis of oxygen responses described earlier clearly shows that temporal latencies are significantly shorter in the old animals. To gain a more complete understanding of this effect, we examined the neural responses that are associated with the oxygen measurements. Examples of neural data in the form of multiple-unit activity (MUA) are shown in Fig. 4 for young and old cats. Note that neural responses shown here are from the same recording sites presented in Fig. 1 . For the three recording sites in young cats (Fig. 4A, top panels) , average MUAs to the large stimulus are 6.4, 8.0, and 15.5 spikes/s, respectively. For the three examples in old cats (bottom panels), averaged MUAs are 6.8, 1.3, and 14.3 spikes/s, respectively. One example recording site in each age group (Fig. 4A , top left and middle bottom) did not exhibit significant MUA (t-test, P Ͼ 0.05) to the masked stimulus. All significant MUAs for both age groups peaked at about 0.2 s after the presentation of visual stimulus. For neural responses to the small stimulus, all example recording sites in both age groups fired vigorously and significantly (Fig. 4B) . Average MUAs for the three examples in young cats are 101.3, 30.1, and 39.7 spikes/s, respectively (top panels). For the three examples in old cats, average MUAs are 103.8, 12.1, and 76.9 spikes/s, respectively (bottom panels). Similar to data shown in Fig. 4A , MUAs for all examples in Fig. 4B (top) were at about 0.2 s after stimulus onset. Figure 5 illustrates LFP spectrograms for the same recording sites shown in Figs. 1 and 4 for young and old cats. Graphs show average LFP power across trials. To estimate the significance of LFP responses, average LFP power across the frequency band (1-125 Hz) for stimulus duration of 4 s was compared with the baseline LFP signal 2 s prior to stimulus onset. For the three recording sites in young cats (Fig. 5A, top  panels) , averaged LFPs to the large stimulus are 0.6, 1.9, and 0 dB, respectively. Significant LFP response was observed for one example recording site (top middle, P ϭ 2.9 ϫ 10 Ϫ5 ) but not for the other two sites (top left and top right, P ϭ 0.3 and P ϭ 0.5, respectively, t-test). For the three recording sites in old cats (Fig. 5A, bottom panels) , two exhibited significant LFP responses (left and middle panels) while the other one showed insignificant LFP response to the stimulus. The average LFP responses are 1.7 (bottom left, P ϭ 0.001), 2.1 (bottom middle, P ϭ 0.01), and 0.3 (bottom right, P ϭ 0.8), respectively. Figure  5B illustrates LFP responses to the small stimulus. For three recording sites in young cats (top panels), average LFP responses are 3.0 (top left, P ϭ 5.1 ϫ 10 Ϫ7 ), 3.1 (top middle, P ϭ 1.4 ϫ 10 Ϫ9 ), and 0.1 (top right, P ϭ 0.6) dB, respectively. For three recording sites in old cats (bottom panels), average LFP responses are 2.8 (bottom left, P ϭ 9 ϫ 10 Ϫ8 ), 1.6 (bottom middle, P ϭ 0.04), and 0.9 (bottom right, P ϭ 0.02) dB, respectively. Plotted is the mean percentage of all recording sites at each value of amplitude and latency. A: amplitude of the positive oxygen response to the large stimulus. B: amplitude of the negative oxygen response to the small stimulus. C: latencies of the positive oxygen response to the large stimulus. Top: T-ip; middle: T-peak; bottom: T-dp. D: latencies of the negative oxygen response to the small stimulus. Top: T-dp; middle: T-dip; bottom: T-ip.
In general, our analysis shows that LFP measurements in the LGN of the thalamus tend to be noisy, weak, and variable, as reported in previous work (Rasch et al. 2009 ). For a recording site in each age group, we observe significant MUAs (Fig. 1A , top right and bottom right) and tissue oxygen responses (Fig.  4A , top right and bottom right) but insignificant LFPs (Fig. 5A , top right and bottom right) to the large stimulus. For a recording site in young animals, significant MUA (Fig. 4B, top right) and tissue oxygen responses (Fig. 1B, top right) were elicited by the small stimulus. However, no significant LFPs were observed (Fig. 5B, top right) . We also note that LFP response in the LGN exhibits different power distributions than those from cortex. Figure 6 illustrates two example recording sites in area 17 in the cat. Both recording sites exhibit significant LFPs (Fig. 6, A and B) and MUA (Fig. 6, C and D) . The average MUAs are 16.6 (Fig. 6C , P ϭ 0) and 14.3 ( Fig. 6D , P ϭ 0) spikes/s, respectively. The average LFPs are 39.8 (P ϭ 2.8 ϫ 10 Ϫ4 ) and 30.2 (P ϭ 2.1 ϫ 10 Ϫ12 ) dB, respectively. Note that the major increase in power is between 25 and 70 Hz (Fig. 6A) or between 55 and 110 Hz (Fig. 6B) . This is consistent with results in previous studies (Henrie and Shapley 2005; Logothetis et al. 2001; Viswanathan and Freeman 2007) . LFP response in the LGN, however, is spread over frequencies between 1 and 125 Hz. Because LFP is believed to reflect the superposition of synchronized dendritic currents that are averaged over a large region of tissue (Mitzdorf 1987) , the difference in LFPs between LGN and cortex may be accounted for by variations in excitatory and inhibitory connections in and around these two brain regions.
Population-averaged neural data are shown together with oxygen responses from young and old cats in Fig. 7 for the two types of stimulus pattern. Spontaneous MUA is subtracted individually for each recording site. The average spontaneous MUAs are 11.6 Ϯ 1.0 and 13.5 Ϯ 1.7 spikes/s for young and old cats, respectively. The difference is not significant (P ϭ 0.3). For the large stimulus (Fig. 7A) , averaged MUAs are closely similar in the two age groups (14.5 Ϯ 1.4 and 13.4 Ϯ 2.3 spikes/s for young and old cats, respectively) (permutation test, P ϭ 0.7). This finding is consistent with the result that young and old cats show similar amplitudes in the positive oxygen response to the large stimulus. However, the age associated temporal alteration in positive oxygen response is not matched by analogous temporal changes in neural response. Averaged MUAs for young and old cats have identical time delays from stimulus onset (0.2 s). Results for the small stimulus (Fig. 7B ) are similar to those for the large grating, i.e., no significant differences are found between young and old cats in amplitude and response time in averaged neural activity. Averaged MUAs for young and old cats are 64.9 Ϯ 3.3 and 59.5 Ϯ 6.3 spikes/s, respectively. These results are not significantly different (P ϭ 0.4). As in the case of the large stimulus, MUAs for the small grating show a 0.2 s time delay from stimulus onset. Clearly, the time advance in tissue oxygen response is not matched by a similar temporal change in neural activity.
Neurometabolic coupling
Our results show clear age-related differences in oxygen responses but not in neural activity in the LGN. To examine this apparent change of neurometabolic coupling with age, we have examined a model of oxygen response. For the neurometabolic response function, we have chosen to use a gamma function that well models hemodynamic responses (Boynton et al. 1996) and tissue oxygen responses (Li and Freeman 2007) . Averaged neural activity is convolved with the gamma function to derive averaged fits of oxygen responses. Data fitting is accomplished with the fminsearch function in Matlab. The function we use for young animals is then convolved with MUAs of young and old cats to obtain modeled oxygen responses. These are then compared with corresponding mea- sured oxygen responses as illustrated in Fig. 7 , which shows averaged neural and oxygen responses for young and old cats for small and large visual stimuli. Results for the large visual stimulus, shown in Fig. 7A (left) , indicate close approximation between modeled (dashed black curve) and measured (solid black curve) oxygen responses for young cats. The goodness of fit R 2 is 1.0. To estimate how neurometabolic coupling changes with age, the neurometabolic response function for young cats is then convolved with MUA data of old animals to yield a modeled oxygen estimation for aged cats. The modeled oxygen response for old animals is expected to match that of the measured one if neurometabolic coupling does not change with age. In this case the modeled oxygen response (Fig. 7A , middle panel, dashed gray curve) exhibits a time delay in comparison with the measured data (Fig. 7A , middle panel, solid gray curve) (R 2 ϭ 0.45). This implies that the neurometabolic response is faster in old compared with that in young animals for large visual stimuli that activate cells in a large region of LGN. Results for the small visual stimulus, illustrated in Fig.  7B , show somewhat analogous differences between modeled and measured oxygen responses for young and old cats. In this case, measured and modeled responses for young animals are closely similar and R 2 ϭ 0.95. However, for the older animals, there is again a difference with R 2 ϭ 0.43. As already noted, small and large visual stimuli produced negative and positive oxygen responses, respectively. We now compare directly neurometabolic response functions for small and large stimui for young and old cats. Each neurometabolic response function is obtained from measured oxygen response and neural activity for each group and expressed in arbitrary units (a.u.). For the large stimulus, the neurometabolic response function for old cats (Fig. 7A , right, gray curve) exhibits an earlier peak compared with that for young animals (Fig. 7A , right, black curve) (3.8 vs. 5.0 s). Response amplitudes for young and old animals are well matched (0.036 vs. 0.038). This suggests that a robust neural response in a large region of LGN is accompanied by a relatively early increase in CBF for old cats. For the small stimulus, old cats exhibit relatively weaker response amplitudes compared with those for young animals (Ϫ0.0026 vs. Ϫ0.0048). In other words, for a given level of neural response, we observe a smaller initial dip of tissue oxygen response in old animals.
Capillary density
There are, of course, numerous factors associated with changes in the aging brain. One area that has been studied concerns microvascular density. Vascular density in a specific area of the brain appears to be directly related to local rates of metabolic activity (Cavaglia et al. 2001; Malonek et al. 1997) . It is therefore relevant for the current study to examine microvascular structure in young and old animals. Previous work has shown that microvascular density is reduced in aged human and animal brains at the cortical surface, internal cerebral cortex, and hippocampus (for review, see Riddle et al. 2003 ).
In the current study, we were interested in possible microvascular differences in the LGN of the thalamus. We have examined this in young and old animals by measurements of microvascular densities of capillary beds in the LGN. Examples of eight sections of tissue with alkaline-phosphatase stained capillary networks are shown in Fig. 8, A and B for young and old animals, respectively. For analysis, these images are converted to binary black-and-white versions as shown below the tissue sections in Fig. 8 . In the case of the eight samples shown, capillary densities are 0.31, 0.38, 0.4, and 0.32 (Fig. 8A, young animals) and 0.24, 0.25, 0.27, and 0.28 (Fig.  8B, old cats) , respectively. This trend of lower capillary density in old compared with young cats is confirmed in our population data. We have analyzed 21 and 47 samples, respectively, from four young (5.3 Ϯ 0.9 SD months postnatal; range, 4.4 -6 mo) and six old cats (134.7 Ϯ 12.7 SD months old; range, 116 -154 mo). The histogram of Fig. 8C shows the average capillary densities for young (0.33 Ϯ 0.01) and old (0.28 Ϯ 0.01) animals. The difference is significant (P Ͻ 0.01) and we conclude that vascular density is lower in old compared with that in young thalamus in the cat. This is consistent with data from previous studies that microvascular density decreases with normal aging (for review, see Riddle et al. 2003) .
D I S C U S S I O N
In the study described here, we have made simultaneous colocalized measurements in the LGN of the thalamus of the cat, of tissue oxygen responses and neural activity that are elicited by presentation of visual stimuli. The object was to see whether there are clear differences in old compared with young animals. Our findings indicate no significant differences in neural activity, but two clear age-related changes in oxygen responses. A typical oxygen response in young animals is biphasic, i.e., there is an initial negative component followed by a substantial positive peak. In old animals, the positive peak, which is associated with neural activity over a large volume of tissue , has a relatively short temporal onset. The second change concerns the initial negative component that is associated with neural activity in a small population of neurons . In this case, the amplitude for young animals is significantly greater than that for old cats.
Before considering these differences in our current data, we should note that many physiological and anatomical changes with aging have been documented in previous work. Prior areas of study are wide ranging and include, for example, diverse regions from brain stem to cerebral cortex (Ito et al. 2002; Solbakk et al. 2008; Yamaguchi et al. 1986 ). We have selected the LGN instead of visual cortex in our current work because of the relatively robust responses from cells. We found from preliminary studies that older cats are more difficult to record from in the extended physiological sessions that are required, so we assumed we would get more substantial experimental information from LGN. We also focus on two specific types of measurement: metabolic and neural in the form of oxygen partial pressure and spike data. There are other relevant measurements that could be made, such as Doppler assessments, to obtain direct information about blood flow. This is not technically practical in the case of LGN and we assume here that the two basic measurements of metabolic and neural activity will yield important insights regarding aging effects.
Biphasic oxygen response
The microelectrode used in the current study measures partial pressure of oxygen, which reflects a balance between local consumption and supply. In previous work with this microelectrode, we have determined that tissue oxygen responses in the visual cortex and LGN are generally of a biphasic nature, including an initial negative component or dip followed by a relatively large positive peak (Thompson et al. 2003 (Thompson et al. , 2004 . This biphasic profile is similar to that found in previous studies in which optical imaging and fMRI techniques have been used (Kim et al. 2000; Malonek and Grinvald 1996) . We assume that the initial dip reflects mainly localized oxygen consumption, whereas the secondary positive component represents an increased blood flow to the activated area (Thompson et al. 2003) , although some overlap in these processes is likely. It is possible to emphasize either the negative or the positive oxygen component, as recorded in the LGN, by control of the parameters of the visual stimulus (Li and Freeman 2007; Thompson et al. 2004 Thompson et al. , 2005 . When a very small stimulus is used to activate a recording site, the typical response is a robust increase in neural activity and a monophasic negative oxygen response. In some cases, this type of response occurs without a late positive component. We assume this type of response is mostly a reflection of increased CMRO 2 . For the stimulus condition in which a large visual display with a mask over the receptive field is used, a monophasic positive oxygen response is generally observed. In this case the visual stimulus elicits activity over a large region of the LGN, excluding that portion surrounding the electrode tip. Because the sensing region for the oxygen sensor is small, tissue oxygen consumption by neurons is probably restricted to a relatively small volume of tissue. However, increased CBF is more diffuse and could enhance tissue oxygen levels in a relatively large activated region. Therefore the monophasic positive oxygen response may mostly reflect an increase in CBF. Based on these assumptions, the differences in monophasic oxygen response characteristics between young and old animals could be due to age-related differences in CMRO 2 and CBF in the LGN. Alternatively, the two components in tissue oxygen response may alter the amplitudes and the peak (or dip) times of each other. An early change in the positive component could reduce the amplitude and time of the initial dip of tissue oxygen response. On the other hand, a large initial dip could delay the peak time and reduce the amplitude of the positive peak. Therefore different interactions between peak and dip components may contribute to the differences in tissue oxygen response between the two age groups.
A technical issue should be considered in relation to these findings. Like most microelectrode measurements, it is necessary to consider the possibility that the placement procedure may cause an artificial vasodilated condition, such as that reported in previous work (Fukuda et al. 2006 ). In the experiments reported here, we have used a specially designed long microelectrode (ϳ3 cm). This is considerably longer than the distance from the cortical surface to the LGN and it allows for flexibility to minimize tissue damage during placement of the electrode in the thalamus. In previous work we have found no difference in baseline oxygen tension between LGN and visual cortex, suggesting that tissue damage is minimal (Li and Freeman 2007) . Baseline oxygen tensions in LGN in the current study for young and old animals are consistent with the results in previous studies from our lab and those of other investigators (Duong et al. 2001; Li and Freeman 2007; Offenhauser et al. 2005 ).
Short temporal latency of the positive oxygen response and low amplitude of the negative oxygen response in old cats
Our finding that old animals exhibit a significant early temporal component is counterintuitive because relative delays in reaction times are generally observed in aged subjects (Porciatti et al. 1999; Solbakk et al. 2008 ). There are various factors involved in the measurement of oxygen tension. Oxygen tension is proportional to its diffusion coefficient (Fatt 1976 ). Since we measure oxygen tension over time, it is possible that there are differences in the oxygen diffusion coefficient of brain tissue between young and old animals and this may account for some of the effects we have observed. We also know from our current result that capillary density in the LGN is substantially reduced in aged animals. This is consistent with previous studies of aging (Abernethy et al. 1993; Amenta et al. 1995; Sonntag et al. 1997) . Oxygen function models include a mitochondrial buffer that is regulated by CBF (Buxton 2001; Mayhew et al. 2001) . Since the aged brain has low capillary density, there may also be a minimum of oxygen buffers in the capillary bed. In this case, the vascular response may start relatively early to maintain the oxygen diffusion gradient between the capillary bed and the mitochondria. This notion may be tested by direct simultaneous measurements of blood flow and oxygen, although that is technically challenging for deep brain structures.
Changes in baseline CBF have been reported to alter both the magnitude and temporal characteristics of the functional hemodynamic response in humans (Behzadi and Liu 2006; Cohen et al. 2002; Liu et al. 2004) . By changing the arterial partial pressure of carbon dioxide, the global CBF baseline could be increased or decreased during hypercapnia or hypocapnia. A larger amplitude and longer peak time of BOLD signal was observed during hypercapnia, whereas a lower amplitude and shorter peak time of BOLD signal was seen during hypocapnia (Cohen et al. 2002) . The vasoactive agent caffeine was also used to reduce the baseline CBF in human subjects. A significant decrease in the time to peak was found for postdose BOLD responses (Behzadi and Liu 2006; Liu et al. 2004) . Note that the effects of a decrease in baseline CBF on BOLD responses are consistent with the aging effects on the positive tissue oxygen response reported here. A number of studies have demonstrated an age-related decrease in baseline CBF (Ances et al. 2009; Bentourkia et al. 2000; Berman et al. 1988; Inoue et al. 2005; Leenders et al. 1990; Marchal et al. 1992; Martin et al. 1991) . Therefore the decrease in baseline CBF may be associated with the earlier positive oxygen response in old cats.
Oxygen metabolism is known to change with advanced age. Previous studies using positron emission tomography have demonstrated that resting CMRO 2 decreases significantly with age in cortical and subcortical regions (Leenders et al. 1990; Takada et al. 1992; Yamaguchi et al. 1986) . Results in our current study demonstrate a significant age-related reduction in the amplitude of the negative oxygen response to a visual stimulus. Several mechanisms could contribute to this result. First, compared with young cats, activity-induced CMRO 2 might be significantly lower in the old group. It has been suggested that vascular density in a specific area of the brain appears to be directly related to local rates of metabolic activity (Cavaglia et al. 2001; Malonek et al. 1997) . Therefore the reduction in capillary density with age in the LGN reported here could be related to a decrease of oxygen consumption. Second, other processes, such as a reduction in neuron density (Ahmad and Spear 1993) and deterioration in mitochondrial numbers and functions (Ames et al. 1995) , may also contribute to the reduction in CMRO 2 in old cats. Third, it is possible that a relatively fast microvascular response in aged animals may account for this result. The small stimulus generally elicits a monophasic negative oxygen response that presumably reflects an activity-induced reduction in partial pressure of tissue oxygen. An early microvascular response might increase oxygen level relatively quickly in old animals. This in turn would cause an attenuated negative oxygen response.
In conclusion, simultaneous measurements of tissue oxygen and neural activity in the LGN of young and old cats demonstrate that neurometabolic coupling changes substantially in aged animals. Although there is no significant change in neural activity with age, tissue oxygen responses in old cats exhibit a relatively low initial dip, although oxygenation levels are attained more quickly.
